Lasing in a subwavelength metal-clad nanoring resonator has been demonstrated with a tunable emission wavelength, controlled by the width of the ring. The emission wavelength is shown to be tunable within a 10 nm wavelength range by changing the ring width between 240 and 340 nm. This property is expected to mitigate a common nanolaser problem of fine-tuning the emission wavelength without significantly changing the laser dimensions. © 2011 American Institute of Physics. ͓doi:10.1063/1.3592739͔
As the demand for interconnect speed and architectural complexity increases, the optical interconnect is a potential candidate for future intrachip and interchip communications, offering a higher bandwidth at lower energy consumption.
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A dense optical interconnect network requires nanoscale components to be compatible with electronic components. In addition to nanoscale optical modulators, waveguides, and photodetectors, nanoscale ring resonators can provide most of the remaining functions that are needed including both passive signal processing such as add-drop filtering, 3 dispersion compensation, 4 and signal buffering 5 as well as active light generation and manipulation such as lasers 6, 7 and switches. Furthermore, a ring resonator can be lithographically defined and evanescently coupled to an optical waveguide. Therefore, high density integration of ring resonators of different functions is possible. In this letter, we will present the experimental demonstration of a subwavelength ring laser with a tunable emission wavelength. As will be shown, the semiconductor nanoring laser is suitable for the optical interconnect application because it possesses unique advantages that include a traveling-wave cavity without a need for additional feedback structures, convenient in-plane coupling to an output waveguide, and independent control of emission wavelength from the device size. 8 One problem with typical nanolasers is that, due to nanolasers' innate nature of short cavity length, their free spectral range is usually very large. [9] [10] [11] [12] [13] [14] [15] Therefore, it is difficult to fine-tune lasing wavelengths while scaling the laser dimensions. To mitigate this problem, metal-clad semiconductor nanoring lasers were proposed previously. 8 The metalcladding enables tighter confinement of electric field inside the semiconductor via a hybrid dielectric-plasmonic confinement. The nanoring laser has two parameters that control the resonance wavelength, ring diameter, and width, which make it easier to control lasing wavelength and dimensions independently. For example, semiconductor nanoring laser's outer diameter can stay constant while controlling the lasing wavelength using ring width. The two parameters can be used together to optimize the cavity Q factor. 8 This results in constant overall laser dimensions with multiple possible lasing wavelengths within a small range, making the semiconductor nanoring lasers attractive for on-chip use for a couple of reasons. First, constant physical dimensions make the placement of nanoring lasers exhibiting different output wavelengths in an ultradense layout easier. Second, the possibility of multiple wavelengths within a small range makes on-chip wavelength-division multiplexing possible, enabling a more efficient on-chip optical interconnect network. While it is true that gratings have been a preferred choice for resonance wavelength control for larger laser cavities, it is quite difficult to integrate other wavelength-controlling feedback structures such as gratings into a nanoscale laser cavity because of the size. Therefore, as dimensions become smaller, multiple design parameters give an added advantage of wavelength control. In this letter, we experimentally demonstrate a metal-clad subwavelength nanoring laser with a 1.2 m diameter 0.9 o and 0.8 o height using plasmonic structures. Furthermore, we demonstrate the tuning of the lasing wavelength via the ring width while keeping the laser dimensions constant.
The sample preparation is described in the following. The InGaAsP/InP epiwafer was grown by the metal-organic chemical vapor deposition technique. All layers are latticematched to InP, and the index contrast provides the necessary vertical confinement. To define the ring, 200 nm of silicon nitride and 50 nm of Cr were deposited as a hard mask via e-beam evaporation and electron beam lithography with a negative resist ͓hydrogen silsesquioxane ͑HSQ͔͒ was used for patterning. HSQ was spin-coated at 3000 rpm for 50 s and baked at 180°C for 2 min on a hot plate. Area dose of 700 C / cm 2 with 20 kV acceleration voltage and 10 m aperture was used in Raith 150. The pattern was developed in AZ 400K:DI H 2 O ͑1:4͒ for 40 s. Subsequently, the InGaAsP/InP epiwafer was dry etched in a CH 4 / H 2 / Ar environment ͑4 sccm/28 sccm/14 sccm͒ environment using PlasmaTherm 790. The pressure and power were maintained at 30 mTorr and 200 W, respectively. During the InP etching, polymer was deposited as a byproduct and was removed using an O 2 ashing cycle ͑70 sccm, 200 mTorr, 100 W, 3 min͒. Once the semiconductor rings were formed, 10 nm of Al 2 O 3 was deposited via atomic layer deposition as an insulator to separate the semiconductor from subsequent metal coverage. For conformal metal coverage, a combination of sputtering and electrodeposition was used. A thin layer ͑20 nm͒ of gold ͑Au͒ was first sputtered as a conductive layer. Then, electrodeposition was followed for 300 nm. diameter before and after the metal deposition are shown in Fig. 1 . The device diameter is defined as the outer diameter of the semiconductor part of the ring. According to threedimensional finite-difference-time-domain ͑3D-FDTD͒ simulation, it is a single-transverse-mode laser.
Microphotoluminescence ͑-PL͒ measurement was carried out to demonstrate lasing in the 1.2 m metal-clad nanoring cavity. The measurement was performed with the substrate kept at 10 K to minimize nonradiative recombination processes. A standard -PL was used with a 1064 nm wavelength continuous-wave pump laser. Spontaneous emission was collected by an objective lens with a numerical aperture of 0.55, which was subsequently dispersed by a 0.5 m focal-length Princeton-Acton monochrometer and detected by a cooled InGaAs photodetector using a lock-in amplifier. Results of the measurement are shown in Fig. 2 . Progression of a lasing peak is clearly seen in the figure. Along with the stimulated emission, spontaneous emission also becomes broader. The PL data are analyzed further, and the pump power versus peak PL intensity is plotted in Fig. 3 . Transition from spontaneous to stimulated emission occurred at the pump power of 10 mW. Compared to a larger 4 m microring laser, 16 which had the threshold at the pump power of 21.5 mW, the smaller metal-clad nanoring cavity has a much smaller threshold to lasing. Of the 10 mW of pump power, only a small fraction actually corresponds to pump absorbed by the active region. Assuming a 6 m diameter of focused laser spot, the actual absorbed power is 50 W. For a 4 m diameter microring laser, an actual absorbed power of 1.2 mW was reported in Ref. 16 . This is expected as the smaller mode volume of the 1.2 m nanoring cavity is expected to lower the threshold pump power. The mode volume of the metal-clad nanoring resonator cavity of 1.2 m diameter is calculated to be 0.004 m 3 . Furthermore, the L-L curve in Fig. 3 was fitted with the laser rate equations as was done for a 4 m-diameter microring resonator in Ref. 16 . The 1.2 m nanoring laser has a spontaneous emission coupling factor, ␤, of 0.01 while the 4 m-diameter microring laser had ␤ of 5 ϫ 10 −4 . The higher ␤ factor also leads to decreased threshold pump power, as observed in Fig. 3 . Additionally, the 1.2 m diameter nanoring cavity shows a saturation behavior as the pump power exceeds 40 mW. This was attributed to sample heating. In the experiment, the focused laser spot was about 6 m in diameter and any laser power that hit outside the resonator area contributed to sample heating. Figure 4 shows the linewidth and peak wavelength as a function of the pump power. The PL data from Fig. 2 were fitted with a Lorenzian function to determine the laser linewidth. A clear linewidth collapse was observed at the laser threshold and the linewidth was 2.3 nm above the laser threshold. The lasing wavelength continuously decreased with the increasing pump power, possibly due to band filling, although the lasing wavelength seemed to be settling at a high pump power. This is explained by the thermally induced redshift at the high pump power that compensates the blue shift. To demonstrate wavelength tuning, metal-clad nanoring lasers of 1.2 m diameter with various ring widths were fabricated and measured using the identical optical measurement scheme described above. The results are shown in Fig.  5 . It can be clearly seen that, by altering the ring width between 240 and 340 nm, the lasing wavelength can be finetuned to within a 10 nm range. The oscillatory behavior of the lasing wavelength is due to the shift of nearby resonance peaks in and out of the spontaneous emission range of the epistructure. According to the 3D-FDTD simulations, the resonance peaks undergo a redshift behavior with increasing ring width, in general. In Fig. 5 , resonance peaks within the spontaneous emission range of the epistructure from 3D-FDTD simulations are plotted along with the experimental data. The trend agrees well with the experiment. The discrepancy of the lasing wavelengths may be due to the passive active region assumed in the calculations.
In summary, lasing in a 1.2 m diameter subwavelength metal-clad nanoring resonator has been demonstrated with a tunable emission wavelength controlled by the width of the ring. A relatively large spontaneous emission factor 0.01 was measured, which was attributed to the small modal volume. The emission wavelength can be tuned for a 10 nm wavelength range by changing the ring width from 240 to 340 nm. This letter was supported by the DARPA/MTO NA-CHOS program ͑Grant No. W911NF-07-1-031 3͒ and was partially performed in the Lurie Nanofabrication Facility, which is part of the NSF NNIN network.
